Materials and Methods

Frameless Stereotactic Equipment and Procedure
Navigation System. The MKM system consists of an operating microscope that is mounted to a six-axis motordriven robot and a computer workstation. The microscope can be repositioned by the surgeon, allowing six degrees of freedom by adjusting a handgrip with a pressure-sensitive spherical sensor. In addition, the microscope can also move independently to any predefined position. These positions may be defined by navigational planning, that is, a planned entry or target point, or by storing the current position into the system's memory. These two means of MKM repositioning will be denoted with the subscripts M (manual) and R (robotic).
Navigation performed using the MKM system is based on data generated by positional encoders incorporated into each axis of the robot and by a laser-assisted measurement of focal length. The manufacturer claims that a single increment of the positional encoders represents a positional change of 5 to 20 m, depending on the axis and the distance to the zero point. Another phantom study we performed demonstrated the inherent accuracy of the MKM system to be 0.23 Ϯ 0.14 mm (unpublished data). This is consistent with other articles in which inaccuracies of 0.3 mm 18 and 0.36 mm 14 have been reported. The position of the focal point of the MKM system is continuously displayed on the workstation in four different windows. The contents of these windows can be chosen from a list that includes standard orthogonal planes, parallel-to-pointer and perpendicular-to-pointer planes, and three-dimensional reconstructions. Moreover, navigational information, such as distance to the target, planned trajectory, and contours of preoperatively defined structures, can be superimposed over the surgical field (heads-up display).
Instrument Holder
An instrument holder was developed at Carl Zeiss, which can be attached to the bottom of the operating microscope (Fig. 1) . The principal component of the instrument holder is an extension arm with a large channel. This channel has a unique fixed spatial relationship with the microscope. It can be filled with a plastic tube whose outer diameter matches the channel and whose inner diameter can vary up to 10 mm, matching the instrument to be guided. The instrument can be immobilized by tightening the screw that holds the plastic tube in place. The entire assembly is compatible with autoclave sterilization.
The length of the instrument is measured as the distance from its tip to the top of the central channel when fully inserted. This value is entered into the software of the workstation before the operation commences.
Frameless Stereotactic Procedure
The entire clinical frameless stereotactic procedure is composed of four stages: image acquisition, preoperative planning, patient-to-image registration, and operative procedure.
First of all, a fiducial marker system should be chosen for patient-to-image registration, depending on the accuracy required. Although bone screws provide the highest accuracy, 20 the use of adhesive markers, anatomical landmarks, or surface matching is also possible. 28 After application of the fiducial markers, CT or magnetic resonance images are acquired and transferred to the workstation. Preoperative planning consists of localization of the fiducial markers in the images and determination of the instrument trajectory. This trajectory is defined by depicting both entry and target points. The head is immobilized by application of a Mayfield clamp or a similar head-fixation device. The position of each fiducial marker is registered by focusing the microscope on its center. After registration of at least three markers, the system calculates a rigid body transformation between the operating environment and the image data. The root mean squared error is calculated, representing the goodness of fit of the mathematical transformation. The actual application accuracy is not homogeneous throughout the surgical field, 7, 20 however, and should be assessed near the entry point by localizing a remaining fiducial marker or a well-known landmark. If necessary, a surface match based on a point cloud on the skin surface, can be added to the existing point-based match. After completion of the registration procedure, the nonsterile fixation device is attached to the bottom of the microscope (Fig. 1 ) and the microscope is draped. The entire sterile instrument holder is assembled and mounted to the fixation device, perforating the sterile draping with two locking pins and a screw.
To guide the instrument instead of the microscope, the MKM system is equipped with the new "tool mode" command. Although the navigational information that is normally displayed represents the optical axis of the microscope ending at its focal point, in tool mode this information represents the direction of the guided instrument ending at its tip when fully inserted. After activating tool mode, the microscope can be instructed to move to the preoperatively planned target point. When the MKM system has reached this position and the instrument is inserted, the tip of the instrument will pass through the entry point and end at the target point. This trajectory can be altered and new trajectories can be added intraoperatively, if necessary. Alternatively, the microscope can be repositioned manually until a satisfactory trajectory is found, judged by information displayed on the computer workstation. During insertion of the instrument, all movements of the MKM system are disabled to avoid undesired movements of the instrument relative to the patient.
Phantom-Based Accuracy Evaluation
To evaluate the application accuracy of a procedure performed using the new instrument holder, a phantom experiment was performed. A comparable experiment based on the same image data was performed using the BRW stereotactic frame for comparison. To avoid confusion, our phantom will be denoted as the test phantom, whereas the phantom supplied with the BRW frame, used to verify frame coordinates, will be denoted as the BRW phantom.
Test Phantom
The test phantom consisted of a circular plate made of acrylic plastic, onto which 19 acrylic plastic rods were positioned orthogonally (Fig. 2) . The diameter of these rods was 20 or 25 mm, depending on their length, to maintain rigidity. The tips of the rods were distributed randomly through a volume resembling the volume of a human head. To serve as a target, a semispherical dimple, 1 mm in diameter, was made in each rod tip. A polyoxymethylene sphere was placed on each rod tip, so that the center of the sphere coincided with the center of the dimple in the rod tip. Thus, each target could be defined either as the center of the sphere or the center of the dimple in the rod tip. The former enabled accurate target definition in the images, whereas the latter enabled accurate instrument placement at the target site.
Because guided instruments such as biopsy needles are often thin, accuracy could degrade if the instrument is bent. To avoid the effect of bending during the phantom evaluation, a phantom instrument was also constructed. This instrument consisted of a steel rod measuring 6.3 mm in diameter and 250.8 mm in length. At one of its ends a stopping block was attached. At the other end the last 6 mm were reduced in diameter to 1 mm, and the tip was made semispherical to mate with the dimples at the target sites of the test phantom.
Image Acquisition and Target Recognition
Before image acquisition, polyoxymethylene spheres were placed on all rods. Four bone screws with markers appropriate for CT scanning (OST-REG Cranial Marker System; Leibinger, Freiburg, Germany) were added to sites comparable to bilateral frontal and parietal areas. The entire test phantom was then placed in the base ring of the BRW stereotactic frame with the CT-localizing rods attached.
Computerized tomography scanning (Tomoscan AV-EU; Philips Medical Systems, Best, The Netherlands) consisted of helical scanning with the following parameters: 3-mm thickness, 120 kV, 175 mA, 1-second scanning time, 512 ϫ 512 matrix, 0˚ gantry tilt, and 300-mm field of view. From this data set, the scanner reconstructed 145 contiguous axial slices with 1-mm slice thicknesses. The resultant voxel dimensions were 0.59 mm (x coordinate), 0.59 mm (y coordinate), and 1 mm (z coordinate).
To serve as a target, the center of each sphere needed to be located within this data set. To do this objectively and accurately, a computer-assisted technique was used in which the CT scans were matched with the model image of a sphere. The regions with the best matching results were identified as the centers of the spheres. Subvoxel accuracy was acquired by locally fitting a parabola. 12, 21 The accuracy of this method was determined for an artificial sphere (with a known center), revealing a maximum error of 0.05 mm.
Frame-Based Stereotactic Evaluation
To evaluate stereotactic accuracy, two procedures need FIG. 3 . Schematic representation of the frame-based (a-c) and frameless (d-f) stereotactic experiments. a and b: Determination of the APT. The tip of the phantom instrument is guided toward the target point (a). The stereotactic arc assembly is placed on the BRW phantom and the "dummy point" is repositioned to touch the tip of the phantom instrument (b); the values of the x, y, and z coordinates are recorded. c: Determination of the position reached stereotactically (SPT). The stereotactic arc is reassembled using settings based on CT images. Again, the dummy point is used to determine the values of the x, y, and z coordinates. d: Patient-to-image registration is performed using the microscope. e: Determination of the APT. The microscope is repositioned until the tip of the phantom instrument touches the target point. f: Determination of the SPT: the instrument is removed and the microscope is moved to the preplanned target point. This step was performed robotically (SPT R ) and manually (SPT M ). BRW-p, BRW phantom; dp, dummy point; fp, fiducial point; ih, instrument holder; oa, optical axis; pi, phantom instrument; saa, stereotactic arc assembly; tp, test phantom.
to be performed for each target. One procedure is necessary to determine the APT and the other is necessary to find the SPT, both within the same coordinate system. The TRE is defined as the distance between the APT and SPT, and is calculated as follows:
. To determine the actual positions of the targets within the BRW coordinate system (Fig. 3a and b) , the stereotactic aiming arc assembly was attached to the BRW base ring, which was still fixed to the test phantom. After guiding the phantom instrument toward a target, the instrument was immobilized and the entire aiming arc assembly was placed on the BRW phantom. The moveable pointed tip of the BRW phantom, known as the "dummy point,"
13 was repositioned so that it touched the tip of the phantom instrument, and the values of the x, y, and z coordinates were noted. This procedure was performed three times for each target. The average values of each set of three measurements were recorded as the actual coordinates of that target (APT), within the BRW coordinate system.
To determine the positions reached stereotactically, transformation algorithms supplied by the frame manufacturer were used to transform the image coordinates of the targets into BRW coordinates. After an entry point was chosen directly above each target, frame settings deemed necessary to reach each target point were generated. The aiming arc assembly was placed on the BRW phantom by using these settings and the phantom instrument was inserted to the calculated depth. Again, the dummy point was repositioned with its tip touching the tip of the phantom instrument, and the values of the x, y, and z coordinates were noted (Fig. 3c) . To quantify the repeatability of each measurement, this procedure of aiming arc assembly and instrument insertion was also repeated three times, resulting in three SPTs (and three TREs) for each target.
Evaluation of Frameless Stereotaxis
Unlike surgery in which a stereotactic frame is utilized, frameless stereotaxy does not use a coordinate system rigidly fixed to the head of the patient. Instead, a coordinate transformation is calculated separately for each procedure by using the patient-to-image registration procedure, which is based on the sites of the fiducial markers. Therefore, the APT and SPT need to be determined within the same procedure to be related to the same coordinate system (Fig.  3d-f) . After locating the fiducial markers and calculating the appropriate coordinate transformation, the APT of each target was determined by positioning the microscope manually, so that the tip of the phantom instrument touched the target (Fig. 4 ). The phantom instrument was then removed and the microscope was commanded to move toward the target point by using the robot attachment, based on the stereotactic information. This position was recorded as the SPT R . The accuracy of this position depended not only on the accuracy of the frameless stereotactic method, but also on the accuracy with which the microscope is programmed to move toward the target point. Therefore, the microscope was also moved by adjusting the handgrip until the workstation indicated that the phantom instrument tip had reached the target point coordinates exactly. This position was recorded as the SPT M . This procedure was blinded by the fact that the phantom instrument was still absent. Without the instrument present, it is impossible to judge whether the instrument holder is accurately pointing toward the target, due to the large distance between the instrument holder and the target (approximately 20 cm). The SPT R and SPT M enabled calculation of the TRE R and TRE M . The entire procedure, including localization of fiducial markers and coordinate transformation, was repeated three times.
Results
For each method (BRW, MKM R and MKM M ), the results consisted of three measurements of each of the 19 targets, resulting in 57 TRE values. These are summarized in Table  1 and displayed in graphic form in Fig. 5 .
The mean TRE (or application accuracy) was smaller when the BRW stereotactic frame was used than when the MKM system was used (p Ͻ 0.001 for both manual and robotic modes; t-test). Manual repositioning of the MKM system was slightly more accurate than robotic repositioning (p Ͻ 0.001; paired t-test); however, the differenc- Aside from the mean TRE, the maximum TRE is of concern to the surgeon, because it is a measure of the worst case scenario in an individual patient. Both MKM methods were observed to produce smaller maximum errors than the BRW frame. To disregard outliers in data, the mean plus three SDs may also be compared to evaluate the worst case scenario (Fig. 5) . This value differed very little between procedures involving the MKM M system and those involving the BRW frame (2.04 mm and 1.84 mm, respectively).
To judge whether the range in results for each method was due to differences between individual measurements of each target or differences in accuracy among the 19 targets, the mean RWT and mean RBT were also calculated. The former is a measure of the repeatability of the localizing technique, whereas the latter is also a measure of the homogeneity of accuracy over the entire volume. Use of the BRW frame demonstrated the smallest mean RWT, which was 0.19 mm smaller than that observed using the MKM M system (not significant) and 0.64 mm smaller than that observed using the MKM R system (p Ͻ 0.001; t-test). In contrast, procedures performed using the BRW frame demonstrated the largest mean RBT, which was 0.61 mm larger than that observed using the MKM M and 0.76 mm larger than that observed using the MKM R (both not significant). These results suggest that repeatability for each target tends to be slightly better when the BRW frame is used, whereas the accuracy tends to be more homogeneous over the phantom volume when the MKM system is used.
Discussion
Shortly after the advent of CT scanning, stereotactic frames were developed to use this imaging modality for stereotactic purposes. 6, 9, 16, 23 The use of these frames proved to be a valuable neurosurgical adjunct and was considered relatively safe and highly accurate. 2, 19, 22 The value of these frames lies in two features, namely, image-to-patient coordinate transformation and stable instrument guidance. The performance of point stereotactic procedures could be refined further by employing frameless techniques. This would present numerous advantages, such as the absence of an uncomfortable frame attached to the patient's head, the possibility of image acquisition several days before surgery, flexible choices of entry and target points up to the time of surgery, intuitive procedure protocols, and unimpeded access to the skull. If frameless stereotaxis is to replace the use of stereotactic frames, however, two requirements must be fulfilled: 1) frameless accuracy must be comparable to frame-based accuracy; and 2) an adequate instrument guide must be available.
With regard to the first requirement, evaluations of various frameless stereotactic systems have shown that their accuracies compare favorably to accuracies of stereotactic frames. 3, 7, 15, 17, 20, 25, 27, 29 With regard to the second requirement, three different instrument guides have been introduced to date. The first two 5, 7 require the surgeon to use a handheld trackable pointer device to determine the entry point and angles of entry. Once these are found, the instrument guide is locked in place. The insertion depth is calculated and marked on the instrument. The pointer device is removed and, after a burr hole has been drilled, the instrument is inserted to the calculated depth. Each time the instrument guide is repositioned during the procedure, these steps have to be repeated. Moreover, there is no image guidance during the actual instrument insertion and instrument use. This last aspect has been improved with the third type of instrument guide 26 by using a trackable guide tube with a digitized needle.
We present a new instrument holder that enables the use of the MKM system for point stereotactic procedures. Aside from the advantages offered by any frameless sys- tem, the features of the MKM system add a number of extra advantages to such a procedure: 1) the robot arm can locate a preoperatively planned trajectory automatically; 2) the MKM unit may be removed during the procedure, for example, to access the burr hole for hemostasis, because the identical position can automatically be relocated; 3) no calculations or system adjustments have to be performed intraoperatively; and 4) image guidance continues to function during instrument insertion and instrument use.
Although the accuracy of the MKM system has been reported previously, 14, 18 this accuracy could degrade due to alterations necessary to perform point stereotactic procedures. Any error in transferring the coordinate system from the optical axis of the microscope to the instrument holder could result in larger errors at the tip of the inserted instrument due to the length of the instrument. Our results demonstrate that the accuracy of this new instrument holder is almost identical to the accuracy of a well-known stereotactic frame, when bone screws are used for patient-to-image registration. Contrary to what one might expect, robotic positioning was found to be slightly less accurate than meticulous manual positioning. Both depend on the accuracy of the frameless stereotactic method, but only robotic positioning also depends on the accuracy with which the robot is programmed to move to the target point. Apparently, the current software was not designed to do this accurately. Nevertheless, robotic positioning can be helpful to find the entry point and trajectory initially, after which the position can be fine tuned by the surgeon, if necessary. This finetuned position can be stored in memory to be used throughout the remainder of the procedure.
The accuracy of the BRW frame demonstrated here is higher than that reported by others. 17 Although care was taken to simulate an actual procedure, our phantom-based study might overestimate the accuracy of a real-life procedure. Nevertheless, because identical images and almost identical procedures were used during both frame-based and frameless experiments, we believe the comparison between the two methods is valid. To evaluate real-life accuracy, the use of this instrument holder needs to be evaluated not only in phantom experiments, but also in patients.
The results of such a study will be presented as soon as they are available.
Conclusions
The introduction of a new instrument holder enables the use of the MKM robotic system in point stereotactic procedures. The accuracy of target localization was shown to be comparable to the accuracy of a well-known stereotactic frame. Thus, a fast, flexible, and accurate alternative to stereotactic frames is presented, offering procedures that are friendlier to both patient and surgeon.
